Infectious pathogens often cause serious public health concerns throughout the world. There is an increasing demand for simple, rapid and sensitive approaches for multiplexed pathogen detection. In this paper we have developed a polydimethylsiloxane (PDMS)/paper/glass hybrid microfluidic system integrated with aptamer-functionalized graphene oxide (GO) nano-biosensors for simple, one-step, multiplexed pathogen detection. The paper substrate used in this hybrid microfluidic system facilitated the integration of aptamer biosensors on the microfluidic biochip, and avoided complicated surface treatment and aptamer probe immobilization in a PDMS or glass-only microfluidic system. Lactobacillus acidophilus was used as a bacterium model to develop the microfluidic platform with a detection limit of 11.0 cfu mL
Introduction
Pathogens often cause infectious diseases and significant economic losses, 1 and frequently become serious public health concerns throughout the world, such as the massive outbreak of Escherichia coli O157:H7 infection that occurred in Japan in 1996. 2 Pathogen detection technology is vital to the prevention and identification of such infectious diseases and biodefense threats. Recently, there is an increasing demand for simple, rapid and sensitive methods for multiplexed pathogen detection with the capacity to provide rich information of multiple pathogens from one assay, especially in resource-limited settings. Over the past decades, a variety of methods, such as polymerase chain reaction (PCR)-based methods, [3] [4] [5] [6] [7] DNA microarrays, [8] [9] [10] DNA sequencing technology 11, 12 enzymelinked immunosorbent assay (ELISA), 13, 14 staining, 15 isolation, 16 cell culture, 17 and so on, have been employed for pathogen detection. Although the aforementioned DNA-based methods have been widely used for efficient pathogen identification, they cannot detect pathogenic microorganisms directly. They either depend on expensive and high-precision instruments (e.g., DNA sequencing), or require cumbersome procedures, such as cell lysis, DNA extraction, amplification and purification. 18 Immunoassays (e.g. ELISA) based on the specific interaction between antibody and antigen can be used for direct pathogen detection. [19] [20] [21] Antibodies, however, are more expensive, and often face the challenge of crossreactivity. Additionally, antibodies can easily become denatured and lose their activities to bind to pathogenic microorganisms. Recently, researchers have found that aptamers, oligonucleic acids or peptide molecules that bind to a specific target molecule, have shown promising applications in diagnostics and therapeutics. Unlike antibodies, aptamers are stable, and the chemical nature of nucleic acids allows easy synthesis and modification of aptamers. 22 Aptamers opened new approaches to detect pathogens directly like antibodies. Various aptamerbased biosensors have been developed for pathogen detection, commonly using fluorescent 23, 24 or electrochemical detection. 25, 26 However, they either need complicated procedures for surface treatment, probe immobilization, washing steps and sample loading, or lack the ability for multiplexed detection.
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Microfluidic lab-on-a-chip techniques developed since the 1990s have attracted significant attention in the past two decades because of a variety of advantages associated with miniaturization, integration, and automation. 27 [44] [45] [46] [47] Hydrophobic barriers can be easily patterned on individual layers of chromatographic paper to form microfluidic channels, 36 without stringent requirements for cleanroom facilities. The porous paper also provides a simple 3D substrate for reagent storage and reactions. Paperbased microfluidic devices, however, typically do not offer the high level of performance and functionality that PDMS affords in liquid flow control and delivery. Each microfluidic chip substrate has its own advantages and disadvantages. Therefore, taking the advantages from both paper and PDMS substrates, herein, we developed a simple PDMS/paper hybrid microfluidic system for fast multiplexed pathogen detection. The introduction of porous paper materials inside PDMSfabricated microwells provides a simple and efficient strategy for immobilization of various DNA aptamer probes without the need for chemical surface modifications. Although a lot of PDMS-based and paper-based microfluidic systems have been developed for different applications, PDMS/paper hybrid microfluidic systems that take advantage of both substrates are rarely reported. As far as we know, this is the first report to present a PDMS/paper hybrid microfluidic system integrated with DNA biosensors. We also integrated aptamer-functionalized graphene oxide (GO) biosensors on the chip, using a sensitive ''turn on'' strategy based on the fluorescence quenching and recovering property of GO when adsorbing and desorbing fluorescent labeled aptamers. Although GO has been employed in microfluidics for cancer cell capture and detection, 48 it involves fluorescence resonance energy transfer (FRET) and double-labeled aptamers. Double-labeled aptamers not only increase the reagent cost, but also make GO-based FRET more complex, because FRET requires a certain distance between two fluorophores for efficient energy transfer. To the best of our knowledge, aptamer-functionalized GO biosensors have not been integrated on a microfluidic biochip for pathogen detection. We first used Lactobacillus acidophilus (L. acidophilus) as a bacterium model, and then demonstrated simultaneous detection of two bacterial pathogens Staphylococcus aureus (S. aureus) and Salmonella enterica (S. enterica) using this microfluidic system. This method does not need complicated surface modification and probe immobilization, or troublesome DNA extraction steps, but can provide highdensity information of multiple pathogens from one assay from multiplexed detection.
Methods and materials

Chemicals and materials
The sequence information and their corresponding dissociation constants (K d ) of the three aptamers [49] [50] [51] Colonies on plates were counted to determine the number of colony-forming units per milliliter (cfu mL 21 ). Cells were pelleted at 1800 6 g at 4 uC and then washed twice with 1 6 binding buffer (50 mM Tris-HCl, pH 7.4 with 5 mM KCl, 100 mM NaCl, and 1.0 mM MgCl 2 ) at room temperature (RT). The pathogen cells were finally suspended in 1 6 binding buffer before use.
Microfluidic biochip design and fabrication
The microfluidic system includes two PDMS layers as top and middle layers and one glass plate as the bottom layer, as shown in Fig. 1 . The top PDMS layer is designed for reagent delivery. It has 32 micro-channels (100 mm wide and 100 mm deep) and inlet reservoirs and one shared waste reservoir in the center. The middle PDMS layer, also called the incubation layer, has four 3 6 8 microwell (2.0 mm in diameter and 3.0 mm in depth) arrays, where incubation and detection were carried out. The total 96 wells can allow for 96 tests from one assay, thus providing high-throughput analysis. A piece of circular chromatography paper was punched into small round pieces (W 2.0 mm), placed inside each microwell, and served as the substrate for adsorbing the aptamer-functionalized GO in subsequent steps.
All PDMS films were prepared following standard soft lithography procedures. 42 Briefly, the liquid PDMS base and the curing agent from the Dow Corning Sylgard 184 kit (Corning, NY) were mixed typically at a ratio of 10 : 1 (w/w). After degassing, the liquid pre-polymer mixture poured in a petri dish was placed in an oven and incubated overnight at 60 uC. Different from commonly used PDMS moulding to create micro-channels, we directly created channels on the top PDMS film using a laser cutter (Epilog Zing 16, Golden, CO). Inlet and outlet reservoirs in the top PDMS layer, and microwells in the middle PDMS layer were formed using biopsy punches. After 30 s exposure to an oxidizing air plasma (Ithaca, NY), PDMS films and the glass plate were face-to-face sandwiched to bond irreversibly.
Assay procedures
GO was diluted in Milli-Q water and was then mixed with the fluorescent aptamer solution at a final concentration of 0.04 mg mL 21 . The aptamer-functionalized GO was incubated for a period of time to quench the fluorescence of the aptamer, and the optimal quenching time was investigated by introducing aptamer-functionalized GO into detection wells on the chip. We used two separate PDMS films with orthogonallyoriented microchannels to deliver aptamer-functionalized GO and samples into different detection wells such that it avoided repeated pipetting and the use of expensive robots in loading reagents into the 96 wells in the device. First, a 40 mL solution of aptamer-functionalized GO was loaded into each inlet of the top 'laterally-orientated' PDMS microchannels and delivered to the different detection wells by capillary action through microchannels (Fig. 2a) . The chromatography paper inside the wells absorbed aptamer solutions by capillary effect, and was left to dry at RT after the top PDMS layer was peeled away. Second, another top PDMS film with orthogonal channels to the previous aptamer-functionalized GO introduction channels (Fig. 2b , or see Fig. 1 for the whole chip layout) was bound with the middle PDMS layer for the subsequent sample loading. Hence, a ready-to-use microfluidic biochip integrated with aptamer-functionalized GO biosensors for the subsequent assay was prepared.
During pathogen detection, an aliquot of 30 mL of the test sample was loaded in each sample inlet reservoir to introduce the sample to all the three detection wells on each channel. After incubation for a period of time of 8 min at RT, the biochip was scanned by a Nikon Ti-E Fluorescence Microscope (Melville, NY) that was equipped with a motorized stage and a cooled CCD camera to measure the fluorescence intensities, using appropriate Cy3 optical filters (E x = 550 nm; E m = 570 nm). Although other temperatures (e.g. 37 uC) might be better for aptamer-target interactions, aptamers and samples were incubated at RT in this study, as other papers reported, 53, 54 to test the suitability of this method in low-resource settings. Fig. 1 Schematic of the PDMS/paper hybrid microfluidic system for one-step multiplexed pathogen detection using aptamer-functionalized GO biosensors (not drawn to scale). (a) Microfluidic biochip layout, (b) and (c) illustrate the principle of the one-step 'turn-on' detection approach based on the interaction among GO, aptamers and pathogens.
Step 1: when an aptamer is adsorbed on the GO surface, its fluorescence is quenched.
Step 2: when the target pathogen is present, the target pathogen induces the aptamer to be liberated from GO and thereby restores its fluorescence for detection. L. acidophilus prepared in 1 6 binding buffer was introduced into the microchannels to establish the aptamer based microfluidic system for multiplexed infectious pathogen detection. The aptamer concentration, quenching time and recovery time were investigated to obtain optimal assay conditions. The optimized conditions were further applied to the multiplexed detection of two infectious pathogens -S. aureus and S. enterica.
Results and discussion
Simple one-step pathogen detection strategy in a PDMS/paper hybrid microfluidic system Fig. 1 shows the main principle of the one-step pathogen detection biosensor using aptamer-functionalized GO in a microfluidic system. GO is a two-dimensional nanomaterial with an extraordinary distance-dependent fluorescence quenching property, by means of p-stacking interactions between nucleotide bases and the GO sheet, 55 thus allowing GO to serve as an excellent quencher to different fluorescence dyes. 39 The fluorescence is quenched when fluorescent-labeled aptamers are adsorbed on the GO surface (fluorescence 'OFF'). However, when the corresponding target pathogen is present, the aptamer will bind specifically to the target pathogen and forms a duplex with the target pathogen. The competitive binding of the aptamer and target elicits a conformational alteration of the aptamer so that it becomes rigid, 56, 57 resulting in lower affinity of the duplex with GO and spontaneous liberation of the Cy3-labeled aptamer from the GO surface. After the release of the aptamer from GO, the distance between the Cy3 dye and GO becomes too far to quench the Cy3 fluorescence efficiently, reversing the quenching effect (fluorescence 'ON'). In the absence of the target pathogen, no fluorescence restoration is detected. Instead of using complicated surface modification procedures for aptamer probe immobilization, we use a simple strategy to integrate the aptamer-functionalized GO biosensor in the microfluidic biochip through the novel use of the porous chromatography paper as a simple 3D storage substrate for the aptamer-functionalized GO nano-biosensor in microwells. The aptamer-functionalized GO and sample are simply introduced into microwells through laterally-oriented and vertically-oriented microchannels in two different top PDMS films, as illustrated in Fig. 2a and 2b , respectively. The aptamer-GO complex will be adsorbed and stored in the small pieces of chromatography paper in microwells. The high surface-to-volume property of the porous paper improves reaction kinetics for rapid assays. Once the paper is dry, the device is ready to use. The pathogen test only needs the onestep loading of pathogen samples into detection microwells, even without the need of an additional washing step. Furthermore, this strategy takes cells directly as the detection target, without any complicated DNA treatment such as DNA extraction, amplification and purification. Therefore, this onestep 'turn-on' mechanism offers high simplicity and sensitivity in pathogen detection.
Aptamer concentration optimization
Aptamer concentration affects fluorescence quenching and recovery. To optimize the aptamer concentration, four different concentrations of the fluorescent labeled aptamer for L. acidophilus (i.e. FALA in Table 1 ) ranging from 0.1 to 1.0 mM were tested. Different fluorescence responses of different concentrations of the aptamer before and after quenching and after recovery are shown in Fig. 3 . It can be seen that when GO was mixed with the aptamer, the fluorescence of the aptamer was significantly quenched (y70-85%) for all concentrations of the aptamer, and the fluorescence was restored due to the release of the fluorescent aptamer FALA from the GO surface, when 150.0 cfu mL 21 L. acidophilus was introduced. Some groups at low concentrations of aptamers show lower recovery, probably due to the effect from the paper. Because paper is not transparent, fluorescence from the aptamers in the middle of the paper may not be detectable. At lower concentrations, its percentages of this part of fluorescence in the total measured fluorescence might be relatively higher than those at higher concentrations. When choosing optimal aptamer concentrations, not only the recovery efficiency but also the recovered fluorescence intensity need to be considered, because both can directly affect the detection sensitivity. Given higher recovered fluorescence intensity and higher recovery rate (y85%) from 1.0 mM FALA, the aptamer concentration of 1.0 mM was chosen for subsequent experiments.
Quenching time and recovery time
To achieve high detection sensitivity, low quenched fluorescence (i.e. low background) and higher recovered fluorescence intensities are desired. Different incubation times of 2, 4, 6, 8, and 10 min for fluorescence quenching and recovery were conducted and compared. As shown in Fig. 4 , minimal quenched fluorescence can be achieved within y8 min, whereas maximal recovered fluorescence can be obtained within y10 min. In consequence, 8 min and 10 min were used as the quenching time and recovery time, respectively. Therefore, once a ready-to-use device is prepared (i.e. after the integration of aptamer-functionalized GO biosensors on the chip), the one-step assay in such a microfluidic system takes only y10 min to complete, providing a simple method for fast pathogen detection.
Calibration curve and limit of detection (LOD) for L. acidophilus
Under optimized conditions, various concentrations of L. acidophilus were tested on the chip. Fig. 5 shows different recovered fluorescence intensities versus various concentrations of L. acidophilus from 0-300 cfu mL 21 . The control experiment (R0 in Fig. 5a ) shows low fluorescence background when the test target was absent. With the concentration increase of the bacteria, higher fluorescence intensity was recovered. As shown in Fig. 5b , the linear range of the calibration curve is from 9.4 to 150.0 cfu mL 21 with a correlation coefficient of 99.7%. However, when the concentration of L. acidophilus increases above 150.0 cfu mL 21 , the correlation becomes non-linear, indicated by a plateau in the curve. The LOD for the detection of L. acidophilus was calculated to be y11.0 cfu mL 21 , based on the usual 3s.
Multiple detection wells on the chip made it possible to complete the test of eight different concentrations of L.
acidophilus in one assay within y10 min, using the ready-touse microfluidic system. The successful detection of L. acidophilus enabled us to explore the analysis of more complex pathogen systems.
Multiplexed pathogen detection
In many cases of real samples, multiple pathogens could coexist. Multiplexed pathogen detection provides not only convenience from one assay, but also more information of multiple pathogens at a time. Therefore, on the basis of the one-step detection of L. acidophilus, we also investigated the capacity of our approach in the detection of more complex pathogen systems -multiplexed pathogen detection. Herein, we chose two common food-borne bacterial pathogens, S. aureus and S. enterica. Both can cause a range of illnesses, from minor vomiting/diarrhea to life-threatening diseases. 58, 59 To validate the selectivity of the approach for S. aureus and S. enterica, and avoid interference from each other, cross reaction was studied by testing these two pathogens with their corresponding and non-corresponding aptamers separately. As shown in Fig. 6 , the top two rows of detection wells were prepared with the FASA-functionalized GO biosensors for S. aureus detection from laterally-orientated microchannels, while the bottom two rows of detection wells were prepared with the FASE-functionalized GO biosensor for S. enterica detection. When the blank sample and S. aureus were introduced from the left two and the middle two columns separately, only the four top middle microwells (rather than the bottom middle four microwells) showed significant fluorescence recovery, indicating the high specificity of the FASA-functionalized GO biosensor and no interference from S. enterica for the detection of S. aureus. Similarly, when S. enterica was introduced from the right two columns, only the right bottom four microwells showed strong fluorescence enterica (1375 cfu mL 21 ) with their corresponding and non-corresponding aptamers. 1.0 mM specific aptamers for S. aureus and S. enterica (i.e. FASA and FASE listed in Table 1 ) were first immobilized in detection wells of the top two and the bottom two rows, respectively. Blank and pathogen samples were separately introduced from vertically-oriented channels. recovery, indicating no cross reaction observed from S. aureus for the detection of S. enterica as well. After ruling out cross reaction from each other, simultaneous detection of S. enterica from 0-1375 cfu mL 21 and S.
aureus from 0-10 6 cfu mL 21 was performed using the microfluidic biochip integrated with aptamer-functionalized GO biosensors for S. enterica and S. aureus. The calibration curves for the simultaneous detection of S. enterica and S. aureus were generated by plotting the fluorescent intensity against the pathogen concentration, as shown in Fig. 7 . The two curves in Fig. 7a show different shapes. The curve of S. enterica tends to be saturated at a lower concentration (1400 Therefore, combining the advantages of high sensitivity and specificity from aptamer-based fluorescent assay with the integrated PDMS/paper hybrid microfluidic biochip, this approach provides not only high simplicity (e.g. one-step) and practicability, but also high-density pathogen information from its multiplexing capacity.
Sample test
Spiked samples were employed for assessing the accuracy of the presented method. S. enterica at concentrations of 84. 4 
Conclusions
We have developed a simple, fast and multiplexed pathogen detection method using a PDMS/paper hybrid microfluidic system integrated with aptamer-functionalized GO biosensors. We first used L. acidophilus as a bacterium model to develop the microfluidic platform, and then successfully extended this method for the simultaneous detection of two infectious pathogens, S. aureus and S. enterica. Our microfluidic system has four significant features. (i) It is simple. The detection of pathogenic microorganisms requires only a one-step detection procedure based on integrated aptamer-functionalized GO biosensors. In addition, this approach detects pathogen microorganisms directly, without cumbersome sample preparation procedures, making it feasible for field detection. (ii) The PDMS/paper hybrid microfluidic system can combine advantages from both substrates. For instance, the paper substrate facilitated biosensor immobilization, and avoided complicated surface treatment and aptamer probe immobilization in a PDMS only microfluidic system. (iii) The approach is fast. The assay takes only y10 min once a ready-to-use microfluidic biochip is prepared. The 96-well array in the microfluidic system also aims at high-throughput analysis. Although the use of a fluorescent microscope limits its applications in field detection at the current stage, the use of a cellular phone camera and colorimetric detection should provide an option for resource-limited settings. (iv) This system has significant potential in the rapid detection of a wide variety of pathogens, including plant, animal, food-borne, biodefense and other infectious diseases.
